Advances made in recent years have allowed the application of colorants obtained from 9 natural sources into textile dyeing. The use of ultrasound in the dyeing method is reported to 10 increase dye uptake and decrease dyeing times. The aim of this work is to further extend the 11 knowledge of natural hair dyes considering the use of ultrasound in the dyeing method with 12 commercially available herbal dyes and using goat hair as a model for human hair. Optimal 13 ultrasonic parameters were selected by considering the effects of sonication times (5, 10 and 14 15 min), frequencies (44, 400 and 1000 kHz) and total dyeing times (30, 60 and 120 min) in 15 the morphology of the dyed hair and the colour intensity. Damage to the hair surface was 16 evaluated by scanning electron microscopy (SEM) images, differences in colour of the dyed 17 hair was obtained by ImageJ analysis and quantification of dye uptake was determined by 18 UV-visible spectroscopy. The evidence from this study suggests an increase in goat hair 19 coloration with the use of ultrasonic energy. Optimal dyeing conditions in consideration of 20 colouration efficacy without hair damage were identified as sonication at 400 kHz for 10 min 21 with a total dyeing time of 60 min. 22 1. friendly alternatives with colorants being obtained from natural sources, such as plants and 31 minerals [1].
Introduction 23
Replacing the use of chemical based hair dyes with natural alternatives is considered to be a 24 challenge in the hair colour industry. Although natural dyes are known to offer a non-toxic, 25 and eco-friendly alternative, some limitations need to be overcome including the longer 26 dyeing times and a narrow shade range. 27 Natural hair dyes are increasing in popularity due to the actual knowledge in the toxicity and 28 human health risks linked to chemical hair dye ingredients, as well as their pollution effects 29 on the environment. Therefore, natural hair dye formulations are based on non-toxic, and eco- 30 For the preparation of gels, the appropriate mass of xanthan gum and volume of solution were 136 mechanically stirred for 5-10 min until homogeneous using an Omni mixer homogenizer 137 (Omni International Inc., USA) and centrifuged at 4500 x g for at least 15 min using a 138 Megafuge 16R (ThermoFisher, USA). Gels viscosities were measured at 24 ± 1 °C using a 139 Physica UDS 200 rheometer (Anton-Paar Ltd). In this study, RGB and HSV colour spaces are used in image processing. In RGB, colours are 153 specified based on the three primary colours red (R), green (G) and blue (B), whereas in HSV 154 colours are specified in terms of three attributes that are perceived about colour hue (H), 155 saturation (S) and intensity value (V). In the HSV space, colours are arranged in a circle 156 (called Newton's colour circle) and described using the three attributes [28] . Hue values define the colour as red, yellow, green, cyan, blue and magenta. Saturation values are related 158 with the amount of grey in the colour (as the saturation value is lower, the amount of grey is 159 higher) and the brightness or intensity of the colour is described by value where 0% is black 160 and 100% is the brightest. The HSV space is the most natural way for humans to describe and 161 organise colours [28] . 162 Colour histograms were obtained in order to acquire the statistical distribution of pixels as a Quantification of dye uptake was performed by placing the dyed hair with deionised water (6 173 ml) in a water bath at 40 °C for 30 min intervals (total time 120 min). Colour fastness for 174 select experiments was examined using washing in 6 mL of warm water for 5 min intervals.
175
The concentration of the dye released from the hair was determined by UV-visible 176 spectroscopy from absorbance measurements (at 477 nm for the herbal dye) using the 177 respective calibration curve of the hair dye. Dye exhaustion ( , Equation 1) was used to 178 compare dye uptakes at different settings using the total mass of dye released, ( , Equation   179 2).
(2)
Where is the concentration in g/mL released in wash , is the volume of wash (6 mL) 181 and is the initial dye offer (4 g). This is used as a comparative measure but it should be 182 noted that the initial offer was in excess to maximise potential uptake and so exhaustion 183 values are low. Figure 4 shows the digital images for the undyed and the dyed goat hair (using herbal and 212 chemical dyes). The reddish-brown tone found with the herbal dye is shown in Figure 4b and results for the undyed and the dyed hair are shown in Table 1 .
Results and Discussion

215
hue value for undyed hair is mainly yellow (60°) and for the dyed hair is within the red (0-217 15°) or orange colour (16-45°) [36, 37] . Comparing the dyed hair using the chemical dyes, 218 the redder and brightest tone was achieved by the semi-permanent dye as seen by a hue of 0° 219 and a value of 30.6%, while a darker red was obtained for the permanent dye as the value 220 goes down to 16.1%. Saturation suggests that the most vivid colour is found for the semi-221 permanent dye with 78.2%. For the case of the herbal dye, the hue value is within the orange 222 and brown colour (21-40°). Red percentages in Table 1 also shows that the dyed hair using 223 the semi-permanent dye (69.6%) contains mainly red, followed by the permanent dye 224 (65.1%) and the herbal dye (51.3%).
225
This work is mainly based in the study of hair morphology and colour intensity for dyed hair 226 using natural hair formulations. Therefore, the effect of different dyeing times (30, 60, 120 227 min) on hair coloration was analysed for the herbal dye.
228 Figure 5 shows the hair surface of the dyed goat hair using the conventional method for 229 dyeing times of 30, 60 and 120 min. As the dyeing time increases, the damage to the cuticular 230 layer increases. Figure 5a -b shows that the hairs exposed to dyeing times of 30 and 60 min Figure 6 shows the digital images for the dyed goat hair and image processing results are 236 shown in Table 2 . Hue values are within the orange and brown colour (21-40°). As the 237 dyeing time increases, the hue values decreases (from 47.4 to 33.9°) due to colour being 238 redder, and saturation values increases (from 73.6 to 96.2%) suggesting a pure or vivid colour 239 (lower amount of grey). Quantification of dye uptake in Figure 7 shows higher dye uptake as dyeing time increases.
243
Although dye uptake is larger for 120 and 180 min, SEM images ( Figure 5 ) suggest a severe 244 damage to the hair. Increase colourant performance and reduce dyeing time is the current 245 challenge to overcome in the natural hair dye industry. Therefore, a dyeing time of 60 min is 246 selected to evaluate the potential of ultrasound to enhance hair dyeing due to HSV (Table 2) 247 and dye uptake ( Figure 7 ) results. 
283
Image processing results for the dyed hair using ultrasound (for time intervals of 5, 10 and 15 284 min and ultrasonic frequencies of 44, 400 and 1000 kHz) are shown in Table 3 . The results
285
show that the lowest hue value (closer to red, 30.8°) is achieved when sonication was used 286 for 10 min for a frequency of 400 kHz. A saturation equal to 95.0% suggests that the most 287 vivid colour is found for the same ultrasonic parameters, as well as the largest proportion of 288 red (63.0%). For a total dyeing time of 60 min, the effect of sonication times (5, 10 and 15 min) and 297 frequencies (44, 400 and 1000 kHz) in dye uptake is shown in Figure 11 . Comparing the 298 amount of dye uptake for hair samples that were dyed using the conventional method ( Figure   299 7) and for the ones dyed with ultrasound in the dyeing method and dyeing time of 60 min, an 300 increase in dye uptake is achieved when ultrasound is used. Figure 11 suggests that dye 301 uptake depends on the selection of ultrasonic parameters.
302 Figure 11 shows that larger dye exhaustion values equal to 4.47, 4.81 and 5.13 x 10 -1 % were 303 achieved for samples exposed to ultrasound with 15 min sonication and 1000 kHz, 15 min vessel at a frequency of 400 kHz when compared to other frequencies. Additionally, Figure   318 11 shows that for a frequency of 400 kHz, dye uptake increases as sonication time increases.
319
No significant differences were observed for other frequencies when sonication time 320 increases. Table 4 show that hue values are within the orange 326 and brown colour (21-40°).
327
The lowest hue values are achieved for 30 min of ultrasound and dyeing times of 30 min 328 (28.1°) and 60 min (non-continuous ultrasound, 29.1°) due to colour being redder, compared 329 to the lowest hue value (30.8°) that was achieved for 10 min sonication and 60 min dyeing.
330 Table 4 also shows that a redder colour is produced for 10 mins of continuous ultrasound and 331 with 30 min dyeing (hue equal to 35.7°) than for 5 mins of continuous ultrasound with 60 332 min dyeing (hue equal to 41.6°). These observations exemplify that ultrasound has a 333 significant effect on the reduction of dyeing times. The ultrasonic effects were considered using sonoluminescence in the dyeing vessel at 400 371 kHz, (Figure 14a 
Conclusion
415
The study has revealed that hair dyed with the herbal henna-based hair dye using the 416 conventional method is severely damaged for dyeing times of 120 and 180 min. The hair dyed using the conventional method (without ultrasound) and dyeing times of 30, 60, 120 and 548 180 min. The values are the mean and standard deviation from three measurements. 549 for hair dyed using ultrasound in the dyeing method and 60 min dyeing. Ultrasonic parameters include 559 continuous sonication times of 5, 10 and 15 min and a frequency of 44, 400 and 1000 kHz. The values 560
are the mean and standard deviation from three measurements. 561 Figure 12 : Dye uptake expressed as percentage exhaustion (uptake from an excess dye offer of 4 g) 562
for hair dyed using non-continuous ultrasound in the dyeing method and 60 min dyeing. Ultrasonic 563 times were equal to 0 (no ultrasound), 10, 20 and 30 min and a frequency of 400 kHz. The values are 564 the mean and standard deviation from three experiments. 565 Hair was dyed using herbal (dyeing time of 60 min) and chemical dyes (dyeing time of 30 min). 652 
